INTRODUCTION {#s0}
============

Type I interferon (IFN) is a critical early protector of vertebrate hosts from overwhelming viral replication and disease (reviewed in reference [@B1]). This role has been abundantly demonstrated with arboviruses and other viruses by infection of *Ifnar1*^−/−^ mice that lack interferon alpha/beta (IFN-α/β) signaling. In many cases, a completely benign localized infection of normal mice is rendered systemic and rapidly fatal by elimination of signaling through the IFN-α/β receptor (e.g., see references [@B2] to [@B3]). Even minor changes in the characteristics of the IFN-α/β response greatly increase viral replication and disease ([@B6]).

The IFN-α/β response consists of an inductive phase in which virus infection stimulates infected and possibly uninfected cells to produce and secrete IFN-α and IFN-β proteins that signal through the dimeric IFN-α/β receptor and cause the transcriptional upregulation of antiviral effector genes ([@B7], [@B8]). This leads to production of proteins in infected and uninfected cells that, together, constitute an "antiviral state." This response is the primary protector of vertebrate hosts from overwhelming virus replication prior to development of the adaptive immune response and is also involved in the clearance phase of infection ([@B9], [@B10]). Subclinical infections with arboviruses and other viruses that normally affect only regional tissues can be rendered systemic and catastrophic by the absence of this response ([@B2], [@B3], [@B11]). The type I IFN response is so effective that it can determine apparent tissue tropism for highly IFN-α/β-sensitive viruses ([@B2]). This suggests that even minor increases or decreases in the efficacy of this response could have dramatic impacts upon the outcome of virus infection.

Previous studies have primarily focused upon the characteristics of IFN-α/β induction and effector phases under standard laboratory conditions mimicking mammalian core temperatures (e.g., 37°C). However, temperatures in peripheral tissues of humans can range as much as 5°C below 37°C under normal room-temperature conditions ([@B12]) and can become much lower under more extreme conditions ([@B13]). In addition, few studies have examined IFN-α/β responses under the febrile conditions under which they commonly act *in vivo* during pathogen infection. Indeed, core (rectal) temperatures can rise to 42°C during extreme febrile or hyperpyrexic episodes, and febrile responses to infection typically range between 38 and 40°C ([@B14]). However, two recent studies have suggested that IFN-α/β responses may be lesser in upper airway epithelia, where temperatures are substantially below core ([@B15], [@B16]). This work complemented several historical studies that also suggested temperature-mediated effects on IFN-α/β efficacy in other model systems ([@B17][@B18][@B23]). Other early studies, however, including some with arboviruses, which identified temperature variation as a factor in IFN-α/β effectiveness implicated temperature-altered virus replication rather than the IFN-α/β response ([@B24][@B25][@B35]).

Here, we demonstrate that multiple arboviruses, including alphaviruses, bunyaviruses, and flaviviruses, which have evolved to replicate at ambient temperatures in the invertebrate vector, are dramatically more resistant to the IFN-α/β system at temperatures below 37°C. Subnormal temperatures led to a considerable diminution of IFN-α/β efficacy, and supranormal temperatures led to a modest enhancement of efficacy, possibly representing an evolutionary mechanism for the febrile response. At the same time, induction of IFN-α/β was delayed and reduced at low temperatures and enhanced at higher temperatures *in vitro*. A primary mechanism underlying the temperature effect appeared to involve reduced rates of gene transcription at the lower temperatures. Furthermore, in a mouse model of chikungunya virus (CHIKV) infection and musculoskeletal disease (MSD), lowered temperatures induced in torpid or reserpine-treated mice resulted in exacerbation of virus replication and signs of MSD in an IFN-α/β response-dependent manner. The results of these studies will have impacts upon the understanding of pathogenesis of all arboviruses as well as other viruses that replicate in sites with altered temperature (e.g., rhinovirus \[RV\], influenza virus, and coronavirus) as well as other therapeutic contexts in which IFN is used (e.g., oncology). This may lead to improved therapeutic modalities involving localized or systemic temperature modification.

RESULTS {#s1}
=======

Efficacy of IFN-α/β against arboviruses is reduced at subnormal temperatures. {#s1.1}
-----------------------------------------------------------------------------

To test the hypothesis that arboviruses are differentially sensitive to IFN-α/β treatment at different temperatures, we compared growth of wild-type strains from three distinct arbovirus genera, *Alphavirus*, *Flavivirus*, and *Phlebovirus*, in Vero cells treated with IFN-α/β at temperatures between 30 and 39°C with growth in temperature-matched untreated cells. Because Vero cells lack the IFN-α/β genes, they circumvent the potential confounding variable of temperature-dependent differences in IFN-α/β induction upon viral infection ([@B15], [@B16]). The arbovirus strains chosen, CHIKV La Reunion (CHIKV-LR), Sindbis virus TR339 (SINV-TR339), Venezuelan equine encephalitis virus ZPC738 (VEEV-ZPC738), eastern equine encephalitis virus FL93939 (EEEV-FL93), dengue virus 2 16681 (DENV2-16681), yellow fever virus Angola (YFV-Angola), and Rift Valley fever virus ZH501 (RVFV-ZH501), are wild-type viruses that have undergone no or minimal passage *in vitro*, to limit potential selection for optimal replication under typical laboratory conditions, such as growth at 37°C. In the absence of IFN-α/β pretreatment in Vero cells, alphavirus growth was greatest at 37°C, the normal mammalian core body temperature, by 24 h postinfection (hpi) compared to growth at 30 or 39°C, which was comparable to that at 37°C or slightly attenuated ([Fig. 1A](#fig1){ref-type="fig"}; see also [Fig. S1A](#figS1){ref-type="supplementary-material"} in the supplemental material). This was also true in baby hamster kidney (BHK) cells ([Fig. S1B](#figS1){ref-type="supplementary-material"}). Thus, in the absence of IFN-α/β, departure from 37°C conferred no advantage on alphavirus replication. Conversely, in cells pretreated with IFN-α/β, incubation at 30°C nearly uniformly conferred significant advantage on virus growth compared to incubation at 37°C, while incubation at 39°C, representing a febrile-range temperature, significantly reduced SINV and CHIKV growth compared to that at 37°C ([Fig. 1B](#fig1){ref-type="fig"}). Accordingly, the replication ability of three alphaviruses, EEEV, CHIKV, and SINV, in IFN-α/β-treated cells was found to be significantly correlated with increasing IFN-α/β treatment temperature ([Fig. 1C](#fig1){ref-type="fig"}). These results indicate that IFN-α/β efficacy was lowest at 30°C and increased with rising temperature. No such correlation was observed with VEEV, which is much more IFN-α/β resistant than the other alphaviruses and was minimally inhibited in Vero cells at the IFN-α/β concentration used ([@B36], [@B37]), further supporting the idea that decreased inhibition at 30°C is due to effects on IFN-α/β activity.
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Efficacy of type I IFN against arboviruses is reduced at subnormal temperatures. Related to [Fig. 1](#fig1){ref-type="fig"}. (A and B) Unprimed Vero (A) or baby hamster kidney (BHK) (B) cells were infected in triplicate with the indicated alphaviruses at an MOI of 0.1 and incubated at 30, 37, or 39°C. At the indicated times postinfection, supernatants were harvested and viral titer was determined by plaque assay on BHK cells at 37°C. (C) Osteoblasts cultured from adult CD1 mice were treated with 1,000 IU/ml IFN-α/β at 30 or 37°C overnight and then infected at an MOI of 0.1 with the indicated alphaviruses. Twenty-four hours postinfection, supernatants were assessed for viral titer by plaque assay at 37°C. Data are expressed as fold change in titer between IFN-α/β-treated and untreated cells at each temperature. \*, *P* \< 0.001 using multiple two-tailed *t* tests with Holm-Sidak correction of log-transformed fold change values. (D) MEFs were treated overnight with 100 IU/ml IFN-α/β at 30, 37, or 39°C and infected with YFV-Angola at an MOI of 0.1. Forty-eight hours postinfection, supernatants were assayed for viral titer by focus-forming assay on Vero cells at 37°C. Data are presented as fold change in titer between IFN-α/β-treated and untreated cells at each temperature. \*, *P* \< 0.0001, one-way analysis of variance with Tukey's multiple-comparison test of log-transformed fold change values. Download FIG S1, PDF file, 0.4 MB.
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![Efficacy of type I IFN against arboviruses is reduced at subnormal temperatures. (A to C) Vero cells were treated overnight with 0 or 1,000 IU IFN-α/β at 30, 34, 37, or 39°C and infected with the indicated alphaviruses at an MOI of 0.1. Supernatants were collected at 24 hpi, and viral titers were determined by plaque assay on BHK cells at 37°C. (A) Comparison of viral growth at 24 hpi between temperatures with and without IFN-α/β treatment. (B) Log~10~ fold change in viral titer between IFN-α/β-treated and untreated cells at each temperature ± SD. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001; \*\*\*\*, *P* \< 0.0001; ns, not significant by two-way analysis of variance with Tukey's multiple-comparison test on log-transformed fold change values. (C) Significant linear correlation between increasing temperature and viral growth inhibition by IFN-α/β pretreatment for IFN-α/β-sensitive alphaviruses. Pearson's correlation, *P* \< 0.02 for EEEV and CHIKV; *P* \< 0.07 for SINV. (D and E) EC~50~ of IFN-α/β in Vero cells at 30, 34, 37, and 39°C against the indicated alphaviruses was determined by IFN-α/β bioassay. (D) Data are presented as log~10~ mean IU per milliliter required to protect 50% of Vero cells from virus-induced cytopathic effect at each temperature ± SD. \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001; \*\*\*\*, *P* \< 0.0001; ns, not significant by two-way analysis of variance with Tukey's multiple-comparison test on log-transformed IU/milliliter values. (E) Significant linear correlation between increasing temperature and decreasing IFN-α/β EC~50~ was established using Pearson's correlation on log-transformed IU/milliliter values (*P* \< 0.02 for all viruses). (F and G) Vero cells were treated overnight with 0 or 100 IU IFN-α/β at 30, 37, or 39°C and infected with YFV or DENV at an MOI of 0.1. At 96 hpi, supernatants were assayed for viral titer by focus-forming assay at 37°C. (F) Comparison of viral growth at 96 hpi between temperatures with and without IFN-α/β treatment. (G) Data are expressed as mean fold change in titer between IFN-α/β-primed and unprimed cells at each temperature ± SD. \*\*\*, *P* \< 0.001 two-way analysis of variance with Tukey's multiple-comparison test of log-transformed fold change values. (H and I) The procedure from panel A was repeated with RVFV at an MOI of 5 to 10, using only 30 and 37°C temperature conditions. At 24 hpi, supernatants were assayed for viral titer by plaque assay. (H) Comparison of viral growth at 24 hpi between temperatures with and without IFN-α/β treatment. (I) Data are expressed as fold change in titer between IFN-α/β-treated and untreated cells at each temperature ± SD. \*, *P* \< 0.05, two-tailed Student's *t* test of log-transformed fold change values. All infections were performed in triplicate, and data are representative of at least two independent experiments. See also [Fig. S1](#figS1){ref-type="supplementary-material"}.](mbo0021838310001){#fig1}

In addition, the 50% effective concentration (EC~50~) of IFN-α/β against SINV, CHIKV, EEEV, and VEEV on Vero cells was significantly correlated with incubation temperature, with substantially lower concentrations of IFN-α/β effectively inhibiting these viruses as temperature increased ([Fig. 1D](#fig1){ref-type="fig"} and [E](#fig1){ref-type="fig"}). Finally, analogous temperature-dependent IFN-α/β sensitivity was observed in experiments with YFV and DENV as well as RVFV, demonstrating that this effect is relevant to multiple families of arboviruses capable of replicating across a broad temperature spectrum ([Fig. 1F](#fig1){ref-type="fig"} to [I](#fig1){ref-type="fig"}). Similar results were obtained in NIH/3T3 Tet-Off murine embryonic fibroblasts (MEFs) and primary murine osteoblasts, cell types representative of *in vivo* targets common to many of these viruses ([Fig. S1B](#figS1){ref-type="supplementary-material"} and [C](#figS1){ref-type="supplementary-material"}). Collectively, these experiments suggest that the antiviral activities of IFN-α/β are most effective versus a variety of arboviruses at temperatures in the febrile range and much less effective at subnormal temperatures in mammalian cells.

ISG protein and mRNA levels are reduced at subnormal temperatures. {#s1.2}
------------------------------------------------------------------

We hypothesized that the effect of temperature variation on IFN-α/β antiviral efficacy was most likely to result from differential expression levels of antiviral IFN-stimulated genes (ISGs). To test this, we treated cells with IFN-α/β at 30, 37, or 39°C for the time course indicated and performed Western blot analyses and reverse transcription-quantitative PCR (qRT-PCR) for protein and mRNA levels of several ISGs. STAT1, IFIT1, and ISG15 proteins were induced more slowly and to a lower peak expression level at 30°C than at 37°C, and their expression was, in several cases, significantly increased at 39°C versus 37°C ([Fig. 2A](#fig2){ref-type="fig"} and [B](#fig2){ref-type="fig"} and [S2A to C](#figS2){ref-type="supplementary-material"}). ISG mRNA expression patterns paralleled protein production at early time points, suggesting that temperature-dependent differences in ISG transcription efficiency contribute to differences in corresponding protein levels ([Fig. 2C](#fig2){ref-type="fig"} and [S2D and E](#figS2){ref-type="supplementary-material"}). However, ISG mRNA induced at 30°C did equal or surpass the levels induced at the higher temperatures at later times post-IFN-α/β treatment, whereas protein levels did not. These data may suggest that both ISG transcription and subsequent translation are independently affected by cell temperature variation and that attenuation of both processes at 30°C contributes to the decreased magnitude of ISG production in response to IFN-α/β treatment.

10.1128/mBio.00535-18.2

At subnormal temperatures, ISG protein and mRNA levels are reduced. Related to [Fig. 2](#fig2){ref-type="fig"}. (A to C) Primary CD1 osteoblasts (A), MEFs (B), and HeLa cells (C) were treated with 100 IU/ml IFN-α/β at 30, 37, or 39°C for 6 to 24 h. Lysates were analyzed for ISG protein production by immunoblotting. Graphs display densitometry analysis of ISG bands at each temperature normalized to β-actin. (D and E) The procedure from panels A to C was repeated, and total cellular RNA was probed for ISG mRNA content by qRT-PCR. Data are presented as log~10~ fold change (D) or fold change (E) between 18S rRNA-normalized *C*~*T*~ values for IFN-α/β-treated and untreated cells at each temperature. Statistics: \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001; \*\*\*\*, *P* \< 0.0001; ns, not significant by two-way analysis of variance with Tukey's multiple-comparison test. Download FIG S2, PDF file, 2.5 MB.
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![At subnormal temperatures, ISG protein and mRNA levels are reduced. For all panels, Vero cells were treated with 1,000 IU/ml IFN-α/β at 30, 37, or 39°C for 0 to 24 h. (A and B) Immunoblotting of ISG protein levels (A) and corresponding densitometry quantification with ISG bands normalized to β-actin (B), presented as mean ratio of ISG to actin ± SD. (C) qRT-PCR was performed on total cellular RNA with specific primers for the indicated ISGs. Data are presented as fold change in 18S rRNA-normalized *C*~*T*~ values between IFN-α/β-treated and untreated cells at each temperature ± SD. Significance between groups is indicated with color-coordinated asterisks. For example, red and green asterisks indicate significance of 39 and 37°C results, respectively, over 30°C. Two sets of same-colored asterisks stacked over a single data point indicate significance of the results at that temperature over both others at that time point. Statistics: \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001; \*\*\*\*, *P* \< 0.0001; ns, not significant by two-way analysis of variance with Tukey's multiple-comparison test. All experiments were done with triplicate samples, and data are representative of at least two independent experiments. See also [Fig. S2](#figS2){ref-type="supplementary-material"}.](mbo0021838310002){#fig2}

To support this idea, we performed qRT-PCR for the gamma actin intron 3, as a proxy for basal transcriptional rate ([@B37], [@B38]), in cells incubated at different temperatures. We observed an approximately 2-fold decrease in intron transcript levels in cells incubated at 30°C compared to 37°C; however, raising the temperature to 39°C did not appear to influence basal transcription ([Fig. S3A](#figS3){ref-type="supplementary-material"}). To test whether basal translation rate was also affected by temperature variation separately from effects on basal transcription, we transfected MEF cells with *in vitro*-transcribed RNAs expressing firefly luciferase (fLuc) and measured fLuc activity after 1 h of incubation at 30, 37, and 39°C. At 30°C, fLuc reporter protein levels were slightly lower than those at 37°C, and fLuc activity was slightly increased at 39°C over that at 37°C ([Fig. S3B](#figS3){ref-type="supplementary-material"}). Beyond 1 h, fLuc activity at 30°C met and surpassed the higher temperatures and continued to rise through 6 h posttransfection, while activity at the higher temperatures peaked and waned, indicating a defect in reporter RNA and/or fLuc protein degradation at 30°C. We confirmed this result in MEF cells lacking *Ifnar1* to rule out differential IFN-α/β responses to the reporter RNA at different temperatures accounting for this result ([Fig. S3B](#figS3){ref-type="supplementary-material"}). To verify that basal translation rates vary with temperature in a native setting, we performed a \[^35^S\]methionine-cysteine incorporation pulse-chase experiment in MEFs incubated at 30, 37, and 39°C. Equal volumes of total protein lysates were quantified by SDS-PAGE followed by autoradiography and densitometry analysis of all visible protein bands. In agreement with the fLuc reporter results, we observed an approximately 2-fold reduction in new protein synthesis at 30°C compared to that at the higher temperatures after 1 and 12 h of incubation ([Fig. S3C](#figS3){ref-type="supplementary-material"}). These results indicate that both basal transcription and translation are affected by cellular temperature and likely contribute to the effect of temperature variation on ISG expression.

10.1128/mBio.00535-18.3

Temperature variation affects baseline transcription and translation rates. (A) Total cellular RNA from MEFs incubated at different temperatures was assayed for gamma actin intron 3 using qRT-PCR. Data are presented as fold change in 18S rRNA-normalized *C*~*T*~ values versus 37°C. (B) Wild-type or *Ifnar1*^*−/−*^ MEF cells were transfected with 5 µg of *in vitro*-transcribed firefly luciferase-expressing reporter RNA and divided among 30, 37, and 39°C temperature conditions for 1, 3, or 6 h. Luciferase translation efficiency was quantified by luciferase activity assay, and RLU values were normalized to total protein content determined by BCA assay. (C) MEF cells were incubated at 30, 37, or 39°C for 1 or 12 h, and new protein production was marked by ^35^S-labeled cysteine and methionine incorporation. Lysates were separated using SDS-PAGE, and total protein was quantified using autoradiography followed by densitometry analysis of all visible bands in each lane. Graph: quantification of data from panel C. Data are presented as fold change versus mean protein content at 37°C at each time point. Download FIG S3, PDF file, 0.4 MB.
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Suppression of type I IFN signaling pathways is not associated with early temperature effects. {#s1.3}
----------------------------------------------------------------------------------------------

In addition to the effects of temperature variation on global cellular transcription rates, we hypothesized that effects on one or more steps in the IFN-α/β signaling cascade may contribute to the temperature sensitivity of ISG transcription. IFN-α/β stimulates gene expression via activation of the JAK-STAT pathway, dependent upon the receptor tyrosine kinase activity of the IFN-α receptor complex (IFNAR1/2) and subsequent phosphorylation of primarily STAT1 and STAT2. It has been published previously that IFN-IFNAR binding characteristics do not vary significantly in the range of 30 to 37°C ([@B39]), so we decided first to examine the effect of temperature variation on the phosphorylation of STAT1 at Tyr-701. This step is mediated by the kinase Jak1 at the receptor complex and is required for assembly of the transcription factor complex ISGF3, which stimulates ISG transcription in the nucleus (reviewed in reference [@B40]). Cells treated with IFN-α/β at 30, 37, or 39°C for 30 min showed similar levels of phosphorylated STAT1 (STAT1-p Tyr-701) by immunoblot analysis ([Fig. 3A](#fig3){ref-type="fig"} and [S4A and B](#figS4){ref-type="supplementary-material"}). By 60 min of IFN-α/β treatment, STAT1-p levels remained elevated in the 30°C samples but decreased at the higher temperatures ([Fig. 3A](#fig3){ref-type="fig"} and [S4B](#figS4){ref-type="supplementary-material"}). Because phosphorylated STAT1 is required for ISG transcription, these findings did not fit with the attenuation of ISG transcription that we observed at 30°C ([Fig. 2C](#fig2){ref-type="fig"} and [S2D and E](#figS2){ref-type="supplementary-material"}). We reasoned that despite efficient phosphorylation of STAT1 at 30°C, its nuclear translocation might be negatively affected and result in less activated STAT1 in the nucleus available for ISG transcription. To test this, we examined the efficiency of STAT1-p Tyr-701 migration into the nucleus at different temperatures using confocal microscopy. In agreement with total STAT1-p levels, but in contrast to the observed effect on ISG transcription, IFN-α/β treatment of cells at 30°C resulted in significantly higher average content of STAT1-p per nucleus than at 37°C and 39°C by 30 min of IFN-α/β stimulation ([Fig. 3B](#fig3){ref-type="fig"} and [S4C](#figS4){ref-type="supplementary-material"}). Furthermore, we noted similar levels of STAT1 phosphorylated at Ser-727, a modification required for maximal transcriptional activity of STAT1 that occurs in the nucleus, at all temperatures at 1 h post-IFN-α/β treatment ([Fig. 3C](#fig3){ref-type="fig"} and [S4D](#figS4){ref-type="supplementary-material"}). Interestingly, late after IFN-α/β treatment, levels of STAT1-p Tyr-701 at 37 and 39°C were significantly increased over those at 30°C, indicating a potential mechanism for greater sustenance of the response at higher temperatures ([Fig. 3D](#fig3){ref-type="fig"}). This finding could perhaps be a consequence, in part, of the increased level of total STAT1 present at the higher temperatures compared to that at 30°C at this time point ([Fig. 2A](#fig2){ref-type="fig"} and [B](#fig2){ref-type="fig"}).

10.1128/mBio.00535-18.4

Suppression of type I IFN signaling pathways is not associated with early temperature effects. Related to [Fig. 3](#fig3){ref-type="fig"}. (A, B, and D) MEF and HeLa cells were treated with 100 IU/ml IFN-α/β for 30 or 60 min at 30, 37, or 39°C, and lysates were probed for STAT1 phosphorylated at Tyr-701 (A and B) or Ser-727 (D) by immunoblotting. Graphs display densitometry analysis of STAT1-p bands normalized to β-actin at each temperature. Statistics for panels A and B: \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001; \*\*\*\*, *P* \< 0.0001; ns, not significant by two-way analysis of variance with Tukey's multiple-comparison test. (C) HeLa cells treated with 1,000 IU/ml IFN-α/β for 30 min at 30, 37, or 39°C were subjected to immunocytochemistry staining for STAT1-p (Y701). Confocal imaging shows phosphorylated STAT1 nuclear translocation. Graph displays average nuclear STAT1-p signal intensity per imaged nuclear area at each temperature. \*\*\*\*, *P* \< 0.0001, one-way analysis of variance with Tukey's multiple-comparison test. Download FIG S4, PDF file, 0.7 MB.
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![Suppression of type I IFN signaling pathways is not associated with early temperature effects. (A, C, and D) Immunoblot assay of STAT1 phosphorylated at Tyr-701 (A and D) or Ser-727 (C) from Vero cells treated with 1,000 IU/ml IFN-α/β at 30, 37, or 39°C and corresponding densitometry quantification with STAT1-p bands normalized to β-actin. Data are presented as mean STAT1-p/actin ratio ± SD. (B) Vero cells treated with 1,000 IU/ml IFN-α/β for 30 min at 30, 37, or 39°C were subjected to immunocytochemistry staining for STAT1-p (Y701). Confocal imaging shows phosphorylated STAT1 nuclear translocation. Graph displays average nuclear STAT1-p signal intensity per imaged nuclear area at each temperature. At least 199 cells/nucleus were analyzed in each temperature group. Statistics for panel A: \*\*, *P* \< 0.01; \*\*\*\*, *P* \< 0.0001, two-way analysis of variance with Tukey's multiple-comparison test. Statistics for panels B and D: \*\*\*, *P* \< 0.001; \*\*\*\*, *P* \< 0.0001; ns, not significant by one-way analysis of variance with Tukey's multiple-comparison test. All experiments were done with triplicate samples, and data are representative of at least two independent experiments. See also [Fig. S4](#figS4){ref-type="supplementary-material"}.](mbo0021838310003){#fig3}

Transcription of IFN response pathway genes is highly temperature dependent. {#s1.4}
----------------------------------------------------------------------------

Because the IFN-α/β signaling pathway upstream of ISG transcription was not attenuated by subnormal cellular temperature, we decided to focus more closely on the effect of temperature variation on ISG transcription. Specifically, we examined whether ISG mRNA induction was unique in its temperature sensitivity compared to other inducible and constitutively expressed genes or whether this phenotype might be solely attributable to a decrease in global transcription rates. We performed direct mRNA quantification analysis via the NanoString platform on total RNA derived from MEF cells treated at 30, 37, or 39°C with IFN-α/β or lipopolysaccharide (LPS) for 3 to 12 h. NanoString is a high-throughput mRNA quantification method that utilizes fluorescently bar-coded hybridization probes to simultaneously detect and count hundreds of distinct mRNA species in a given sample. Our multiplexed gene target panel included a variety of inducible genes from each stimulus, as well as signaling intermediates, feedback and regulatory genes, and cell homeostatic components such as transcription and translation factors (see [Table S2](#tabS2){ref-type="supplementary-material"} for a complete list of target genes). Most constitutive genes were not appreciably affected by changing temperature or the addition of either stimulus (data not shown), including genes selected for normalization ([Fig. S5A](#figS5){ref-type="supplementary-material"}). Expression of known temperature-responsive genes, including the cold-inducible CIRP and RBM3 and the heat-inducible HSP70, displayed the expected temperature-dependent patterns, but expression was not influenced by IFN-α/β or LPS treatment ([Fig. S5B](#figS5){ref-type="supplementary-material"}). Gamma actin intron 3 levels also followed the temperature-sensitive trend that we observed in our qRT-PCR assays ([Fig. S5C](#figS5){ref-type="supplementary-material"}). These results combine to validate the NanoString platform as a reliable method for quantitating the effect of temperature variation on gene expression.

10.1128/mBio.00535-18.5

NanoString analysis detects temperature-sensitive gene transcription. Related to [Fig. 4](#fig4){ref-type="fig"}. MEF cells were treated in with 100 IU IFN-α/β or 250 ng/ml LPS, or were left untreated, at 30, 37, or 39°C for the time course indicated in duplicate samples. At each time point, total cellular RNA was harvested and subjected to direct mRNA quantification of 125 gene targets (see [Table S2](#tabS2){ref-type="supplementary-material"}) using the NanoString platform. Raw mRNA counts in each sample were subjected to background subtraction followed by normalization to the geometric mean of five normalization genes (β-actin, glyceraldehyde-3-phosphate dehydrogenase \[GAPDH\], β-tubulin, POLR2A, and eIF3a) in the same sample. (A) Background-subtracted mRNA count values of the five genes used for normalization, with IFN-α/β- or LPS-stimulated and unstimulated samples pooled at each temperature. (B) Normalized expression profile of three known temperature-responsive genes, with IFN-α/β- or LPS-stimulated and unstimulated samples pooled at each temperature. (C) Gamma actin intron 3 expression. (D) Interleukin-6 (IL-6) expression in LPS-treated MEFs in an independent experiment, quantified by qRT-PCR. (E) Verification of expression of other LPS-responsive genes in MEFs at 3 h post-LPS treatment in an independent experiment, quantified by qRT-PCR. Download FIG S5, PDF file, 0.7 MB.

Copyright © 2018 Lane et al.

2018

Lane et al.

This content is distributed under the terms of the

Creative Commons Attribution 4.0 International license

.

[Figure 4A](#fig4){ref-type="fig"} shows the fold induction of IFN-α/β-responsive genes at 30, 37, and 39°C versus temperature-matched mock-treated samples at 3, 6, and 12 h post-IFN-α/β treatment, respectively. [Figure 4B](#fig4){ref-type="fig"} shows analogous results for LPS-treated cells. Only genes upregulated at least 2-fold over mock at any temperature are shown and included in subsequent analyses. After 3 h of stimulation with IFN-α/β or LPS, IFN-α/β-induced and LPS-induced genes displayed similar patterns of temperature-sensitive expression in general, with optimal induction at 37°C or 39°C and dramatically reduced induction at 30°C ([Fig. 4A](#fig4){ref-type="fig"} and [B](#fig4){ref-type="fig"}). Upon closer examination, however, differences became apparent. Most ISGs in our panel displayed decreased expression at 30°C compared to 37°C far below the 2-fold decrease in basal transcriptional rate that we observed ([Fig. S3A](#figS3){ref-type="supplementary-material"} and [S5C](#figS5){ref-type="supplementary-material"}), indicating that the temperature sensitivity of ISG transcription may be attributable to additional mechanisms. Although this was also true of some LPS-inducible genes, there were several examples (IKBA, NFKBIZ, and TNFAIP3) upon which temperature variation seemed to have little or no effect ([Fig. 4B](#fig4){ref-type="fig"}). These results contrasted with the reliable temperature sensitivity of all ISGs in the panel. In addition, induction kinetics varied between ISGs and LPS-induced genes throughout the rest of the time course. For LPS-induced genes, apart from known ISGs also induced by LPS (GBP1 and GBP2), expression in the 30°C group matched or exceeded expression at the higher temperatures by just 6 h of LPS treatment ([Fig. 4B](#fig4){ref-type="fig"} and [C](#fig4){ref-type="fig"}). At 30°C in IFN-α/β-treated cells, in contrast, ISG induction remained significantly lower than at higher temperatures until 12 h of IFN-α/β treatment ([Fig. 4C](#fig4){ref-type="fig"}). These differences in gene induction by LPS and IFN-α/β at different temperatures could indicate gene- or pathway-specific responses to changing cellular temperature beyond simple changes to basal transcriptional rates.

![Transcription of IFN response pathway genes is highly temperature dependent. NIH/3T3 MEF cells were treated with 100 IU IFN-α/β or 250 ng/ml LPS, or were left untreated, at 30, 37, or 39°C for the time course indicated in duplicate samples. At each time point, total cellular RNA was harvested and subjected to direct mRNA quantification of 125 gene targets (see [Table S2](#tabS2){ref-type="supplementary-material"}) using the NanoString platform. Raw mRNA counts in each sample were subjected to background subtraction followed by normalization to the geometric mean of five normalization genes (β-actin, glyceraldehyde-3-phosphate dehydrogenase \[GAPDH\], β-tubulin, POLR2A, and eIF3a) in the same sample. (A and B) Genes upregulated at least 2-fold in treated cells versus mock at any temperature are shown as log~2~ mean fold change of duplicate samples versus mock. Genes are ordered along the *x* axis by log~2~ fold change in expression at 37°C. (C) Bar graphs show geometric mean ± SD of ≥2-fold-upregulated genes at each temperature at each time point. Statistics: \*\*, *P* \< 0.01; \*\*\*\*, *P* \< 0.0001; ns, not significant by Mann-Whitney rank test. See also [Fig. S5](#figS5){ref-type="supplementary-material"}.](mbo0021838310004){#fig4}

Reduced temperature also affects type I IFN induction. {#s1.5}
------------------------------------------------------

Thus far, our studies have focused on the effect of temperature variation on the signaling/effector phase of the IFN-α/β response. However, as the effector phase is preceded by the IFN-α/β inductive phase in response to infection *in vivo*, it is relevant to examine the effect of temperature in this context as well, as IFN-α/β efficacy *in vivo* depends concurrently on the two phases. It has been published previously that IFN-α/β induction by rhinovirus is diminished at the subnormal temperatures of airway epithelial cells, which could contribute to enhanced rhinovirus fitness in the upper airways ([@B15]). To avoid temperature-dependent differences in viral replication that could influence IFN-α/β production, we electroporated poly(I:C) into MEFs and then incubated the cells at 30, 37, or 39°C. We observed the earliest detectable IFN-α/β activity in cell supernatants from the 39°C samples, and IFN-α/β activity remained highest at this temperature throughout the time course ([Fig. 5A](#fig5){ref-type="fig"}). IFN-α/β induction at 37°C was slightly but significantly reduced compared to that at 39°C at early time points but still far exceeded levels of IFN-α/β produced at 30°C, which did not surpass the limit of detection until 8 h posttransfection ([Fig. 5A](#fig5){ref-type="fig"}). We also performed qRT-PCR analysis for *Ifna4*, *Ifnb*, and *Ifit1* mRNAs and found a similar trend in temperature-dependent expression at early time points ([Fig. 5B](#fig5){ref-type="fig"}). Interestingly, while transcript levels of the IFN-α/β genes fell dramatically at the higher temperatures by 8 h post-poly(I:C) treatment, they continued to rise at 30°C ([Fig. 5B](#fig5){ref-type="fig"}); however, this did not correspond to increased secreted IFN-α/β at this temperature ([Fig. 5A](#fig5){ref-type="fig"}), suggesting that translation suppression and/or attenuation of the secretory pathway may also play a role in temperature-dependent IFN-α/β induction.

![Reduced temperature also affects IFN-α/β induction. (A to C) MEFs were transfected with 50 µg poly(I:C) per million cells using electroporation. Pooled transfections were then divided among 30, 37, and 39°C temperature conditions. (A) Supernatants were assayed for biologically active IFN-α/β as described in Materials and Methods. Data are presented as log~10~ mean IU per milliliter ± SD. (B) qRT-PCR was used to quantify IFN-α/β and IFIT1 mRNA induction. Data are presented as mean fold change in 18S rRNA-normalized *C*~*T*~ values in poly(I:C)-treated versus untreated cells at each temperature ± SD. (C) Immunoblot assay of IRF3 phosphorylated at Ser-396 and IFIT1 from poly(I:C)-treated MEF lysates. (D to F) Supernatants from virus-infected MEFs or RAW 264.7 cells were assayed for IFN-α/β as in panel A. IFN-α/β induction data are presented on the left *y* axis as log~2~ mean IU per milliliter ± SD. Statistics: \*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001; \*\*\*\*, *P* \< 0.0001; ns, not significant by two-way ANOVA with Tukey's multiple-comparison test of log-transformed IU/milliliter values. Viral titer data for panels D and E were determined by plaque assay on BHK cells at 37°C from the same supernatants assayed for IFN-α/β activity and are presented along the right *y* axis of those panels, ± SD. \#, result was below the limit of detection (LOD) of the assay. All experiments were done in duplicate or triplicate, and results shown are representative of at least two independent experiments.](mbo0021838310005){#fig5}

The IFN-α/β genes are downstream targets of IRF3, which is activated in response to poly(I:C); therefore, we examined IRF3 activation by Western blotting for IRF3 phosphorylated at Ser-396 (IRF3-p). Temperature variation had no impact on levels of IRF3-p initially, but surprisingly, IRF3-p levels were maintained at 30°C through 6 h poststimulation, while all but disappearing at the higher temperatures ([Fig. 5C](#fig5){ref-type="fig"}). In the same samples, however, IFIT1, which is directly IRF3 inducible ([@B7]), was much more highly expressed at 37 and 39°C than at 30°C ([Fig. 5C](#fig5){ref-type="fig"}). These results underline the discrepancy between activation of the IFN-α/β induction pathway and functional IRF3-responsive gene expression and highlight differences in gene transcription and translation as the major mediators of the effects of temperature variation on these pathways.

The above-described experiments served to examine the effect of temperature variation on the cytosolic IFN-α/β induction pathway with equal initial stimulation of the pathway at all temperatures \[i.e., an equal dose of the nonreplicating poly(I:C)\]. However, this does not accurately represent the context of a viral infection, in which differences in viral replication rates at different temperatures could lead to variation in pathway stimulation and likely compound the effect of temperature on IFN-α/β induction that we observed with poly(I:C). To verify that viral infection at different temperatures also stimulates differential IFN-α/β induction, we infected cells at 30°C for the first hour to allow equal attachment and entry. After washing, infected wells were divided among 30, 37, and 39°C temperature treatments for 12 to 24 h, at which times supernatants were collected and assayed for IFN-α/β activity as described in Materials and Methods. Infections of MEF cells required the use of mutant viruses whose transcription and translation inhibitory mechanisms have been disabled (SINV-nsP2-726G \[[Fig. 5D](#fig5){ref-type="fig"}\] and VEEV-CD/nsP2-739L \[[Fig. 5E](#fig5){ref-type="fig"}\]) ([@B37]). However, we also tested a wild-type alphavirus, SINV-TR339 ([Fig. 5F](#fig5){ref-type="fig"}), in the murine monocyte/macrophage RAW 264.7 cell line, which, unlike MEFs, can still produce IFN-α/β upon wild-type alphavirus infection. Unlike the results with poly(I:C), we observed the greatest IFN-α/β activity from the 37°C infections, and levels of IFN-α/β produced at 39°C either did not differ from or were significantly lower than those observed from the 37°C treatment ([Fig. 5D](#fig5){ref-type="fig"} to [F](#fig5){ref-type="fig"}). In agreement with the poly(I:C) results, however, viral infection at 30°C resulted in greatly delayed and stunted IFN-α/β production ([Fig. 5D](#fig5){ref-type="fig"} to [F](#fig5){ref-type="fig"}). Surprisingly, viral titers did not vary appreciably between temperatures, in general, indicating that differences in pathway stimulation may not have contributed much to differences in IFN-α/β output in this context. Viral growth at any temperature did not seem to be impacted by IFN-α/β induction by 24 hpi, which may be explained by the fact that these viruses are competent for some inhibition of downstream IFN-α/β signaling in MEFs. The exception was SINV-nsP2-726G at 39°C, which did suffer some inhibition compared to the other temperatures, a possible indication of the increased efficacy of IFN-α/β at 39°C apparent against this virus. Importantly, these results demonstrate that IFN-α/β induction is also sensitive to temperature variation and that a viral infection occurring at subnormal temperatures may benefit both from diminished detection and IFN-α/β induction and from reduced ISG upregulation leading to a weakened antiviral state relative to higher temperatures. Combined, these two factors may create an environment in which the virus can replicate uninhibited by the IFN-α/β response long enough to produce IFN-α/β antagonists, which could then combat subsequent IFN-α/β-mediated restriction, an interplay that could be particularly relevant *in vivo*.

Lower temperatures *in vivo* suppress IFN-α/β responses. {#s1.6}
--------------------------------------------------------

To test the possibility that temperature variation might affect the pathogenesis and disease outcomes of a relevant infection *in vivo*, we adapted the C57BL/6 adult murine model of CHIKV infection and musculoskeletal disease (MSD) ([@B41]) to include systemic body temperature reduction. One of two strategies was used to achieve core temperature reduction depending on the experimental setup: either induction of metabolic torpor, a prolonged state of inactivity and energy conservation that attenuates heat-generating mechanisms ([@B42]), or administration of the small molecule reserpine (RES), which depletes peripheral monoamine neurotransmitters by antagonizing the vesicular monoamine transporter (VMAT), leading to dysregulation of temperature regulatory mechanisms ([@B43], [@B44]). Both methods effectively reduced mouse subcutaneous (scruff) temperature in both wild-type C57BL/6 (B6) and IFNAR1^−/−^ (AB6) mice ([Fig. S6](#figS6){ref-type="supplementary-material"}). For assessing the effect of reduced temperature on CHIKV-induced MSD, torpid and normal mice were infected in the left rear footpad and cross-sectional area was measured daily to track foot swelling. In wild-type mice, torpor induction resulted in significantly greater MSD between 6 and 8 days postinfection (dpi), whereas in IFNAR1^−/−^ AB6 animals, MSD was slightly reduced by torpor ([Fig. 6A](#fig6){ref-type="fig"}). These results suggest that the effect of reduced body temperature on CHIKV-induced disease signs manifests in an IFN-α/β-dependent manner, with low temperature leading to more severe disease only when functional IFN-α/β is present.

10.1128/mBio.00535-18.6

Torpor and reserpine treatment reduce mouse core temperature. Related to [Fig. 6](#fig6){ref-type="fig"}. Mice were implanted subcutaneously in the scruff with temperature transponders (BMDS) prior to administration of reserpine (A) or induction of metabolic torpor (B) as described in Materials and Methods. Temperature was monitored regularly throughout the course of all experiments, and graphs represent the typical temperature profiles of reserpine-treated or torpid animals versus normal. Download FIG S6, PDF file, 0.4 MB.
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![Lower temperature *in vivo* suppresses IFN-α/β responses. (A) Core temperature reduction in 6-week-old C57BL/6 mice and *Ifnar1*^−/−^ AB6 mice was achieved by induction of metabolic torpor. Torpid and normal mice were then infected in the left hind footpad with 1,000 PFU of wild-type CHIKV-LR (B6 mice) or the attenuated variant CHIKV-LR-E279K (AB6 mice). Virus-induced musculoskeletal disease was quantified daily by manual caliper measurement of footpad width and thickness to determine cross-sectional area. Data are presented as fold change in infected footpad cross-sectional area versus preinfection area ± standard error of the mean. (B) Mouse core temperature reduction was induced with intraperitoneal administration of reserpine approximately 3 h prior to infection as in panel A with 1,000 PFU of CHIKV-LR-nluc-TaV, and viral replication was tracked over time using *in vivo* imaging. Data are presented as the geometric mean of average footpad radiance in each group ± geometric SD. Statistics for panels A and B: \*, *P* \< 0.05, Mann-Whitney rank test at individual time points. (C) Tissues from CHIKV-LR-infected normal and torpid B6 mice were assayed for viral load by plaque assay at day 2 and day 6 postinfection. Data shown are mean viral titers ± SD. \*\*\*\*, *P* \< 0.0001; ns, not significant by two-tailed Student's *t* test of log-transformed titer values. \#, titer was below the limit of detection. (D) Serum from CHIKV-LR-infected normal and torpid B6 mice was assayed for biologically active IFN-α/β as described in Materials and Methods. L.O.D., limit of detection. Data are shown as mean IU per milliliter ± SD. \*\*\*\*, *P* \< 0.0001 by two-tailed Student's *t* test. For all experiments, *n* was 3 to 6 mice per group, and data are representative of at least two independent experiments. See also [Fig. S6](#figS6){ref-type="supplementary-material"}.](mbo0021838310006){#fig6}

Next, we used RES treatment to extend the duration of temperature reduction and examine viral growth kinetics using a nanoluciferase (nLuc)-expressing CHIKV ([@B45]) and *in vivo* imaging. In B6 mice, viral signal in both the infected (ipsilateral) and contralateral footpads rose similarly over time between RES-treated and normal animals until 3 days postinfection, beyond which the signal in the RES-treated group increased significantly over the signal in the warm group ([Fig. 6B](#fig6){ref-type="fig"}). An opposite trend was observed in AB6 mice, with viral signal in RES-treated animals significantly lower than in the warm mice for the entire course of infection, until the mice were about to succumb to the infection ([Fig. 6B](#fig6){ref-type="fig"}). In addition, viral titers from dissected tissues were not significantly different between normal and torpid B6 mice at 2 dpi but remained high in the infected footpad and spleen of the torpid mice by 6 dpi, indicating dysfunctional viral clearance in those tissues at reduced temperature ([Fig. 6C](#fig6){ref-type="fig"}). Finally, torpid mice failed to induce a robust serum IFN-α/β response at 2 days post-CHIKV infection compared to normal mice, suggesting that impaired IFN-α/β inductive pathways *in vivo* at low temperatures likely contribute to the observed effects on CHIKV infection ([Fig. 6D](#fig6){ref-type="fig"}), although kinetic differences in virus replication brought on by the altered temperatures may have contributed to this result.

DISCUSSION {#s2}
==========

Historically, studies of the IFN-α/β response have largely relied on genetic knockout strategies to examine the roles of individual mediators and effectors in various infection and disease models. However, there is a growing body of literature focused on intact innate immune mechanisms within the variable physiological contexts in which they operate *in vivo* and how this variability may affect efficacy ([@B15], [@B16], [@B19], [@B20], [@B23], [@B46][@B47][@B49]). The results presented here indicate that ambient temperature can have broad impacts on the effectiveness of the mammalian IFN-α/β antiviral response. Many human pathogens, such as respiratory viruses, and other pathologies, such as certain malignancies ([@B50]), cause disease in tissues regularly exposed to temperatures below the normal core temperature of 37°C and may take advantage of a weakened innate immune environment. In these studies, we examined whether arboviruses, which are replication competent across a wide range of temperatures due to their evolution in both arthropod vectors and mammalian or avian hosts, represented another type of pathogen capable of subverting IFN-α/β responses occurring at subnormal temperatures. *In vitro*, we found that arboviruses representing three distinct viral families had increased fitness at 30°C relative to 37°C but only when cells had been pretreated with IFN-α/β at each temperature. Without IFN-α/β present, lowered temperature conferred no advantage on viral replication. These findings parallel trends observed with human rhinovirus (RV) and influenza virus ([@B15], [@B16]), although the increased fitness of RV at low temperature is attributable to additional mechanisms as well ([@B51]). Uniquely, our studies demonstrate that temperature-dependent IFN-α/β efficacy alone is sufficient to alter arbovirus fitness and effectively overcome the small disadvantage posed to these viruses by low temperature in the absence of IFN-α/β. Collectively, these data suggest that the effect of temperature on IFN-α/β efficacy is widely applicable to any IFN-α/β-sensitive infection or pathology that occurs in a reduced-temperature environment.

To examine the effect of temperature on the entirety of the IFN-α/β response, we examined both IFN-α/β gene upregulation and ISG upregulation phases. Mechanistically, it has been shown previously ([@B15], [@B16]) that several ISGs were less robustly induced at the mRNA level when cells were treated with IFN-α/β at temperatures below 37°C, but the mechanism(s) leading to decreased ISG transcription, as well as whether reductions in ISG transcript are functionally relevant to the antiviral state at the protein level, was not addressed. We found that activation of the JAK-STAT pathway resulting in phosphorylation, nuclear translocation, and nuclear phosphorylation of STAT1 to the transcription-promoting state was not attenuated by subnormal temperature. In fact, IFN-α/β signaling at 30°C resulted in more phosphorylated STAT1 present in the nucleus than signaling at 37°C. Thus, differences in IFN-α/β signaling efficiency were not responsible for the observed reduction in ISG transcript induction at subnormal temperature. Importantly, marked temperature-dependent differences in ISG expression were observed at the protein level, indicating that differences in ISG transcription and possibly subsequent translation result in differential functionality of the antiviral state at different temperatures. It is also possible that the activities of individual ISGs may be affected by temperature variation and that this could contribute to differences in their efficacy. If true, this idea may help explain the enhanced antiviral activity of IFN-α/β observed at 39°C versus 37°C, when ISG protein levels were only modestly higher at this temperature. Moreover, enhanced induction of ISGs known to strengthen the IFN-α/β response, such as RIG-I or RNase L, at higher temperatures may also contribute to increased efficacy versus lower temperatures, although this idea would presumably apply also to negative-feedback ISGs, such as SOCS. Further studies will be needed to test this idea for individual ISGs and to determine the relative contributions that these differences may make to immunity against specific pathogens. In sum, we conclude that transcription is the first step in both the IFN-α/β inductive and effector ISG inductive pathways affected by low cellular temperature that lead to attenuation of the antiviral activity of the IFN-α/β response.

Although detailed examination of the transcription factor activities for individual ISGs that account for the effect of temperature was beyond the scope of our current studies, our results comparing baseline transcriptional rate with ISG and LPS-responsive gene transcriptional efficiency did reveal some relevant trends. Transcript levels of the constitutively expressed genes included in our NanoString analysis did not change appreciably upon temperature shift, while initial transcription of genes induced upon IFN-α/β or LPS treatment was highly affected by incubation temperature. We observed an approximately 2-fold reduction in basal transcriptional rate at 30°C versus 37°C by intron qRT-PCR, and this may account for a portion of the reduction in inducible gene expression. However, it does not fully explain the dramatic differences in induction of all ISGs that were highly upregulated, nor does it account for the subset of LPS-responsive genes whose expression was not temperature sensitive. In general, these results point to a model in which inactive genes are much more susceptible to transcription attenuation by low temperature than genes actively being transcribed. Potentially, chromatin remodeling around inducible promoters and initial assembly of transcription machinery represent additional obstacles to inducible genes being "turned on" that are absent from constitutively active genes ([@B52]). In addition, variation in the chromatin environments around different promoters, as well as in the transcription factors required for transcription of different genes, would allow for differential temperature sensitivity of inducible genes. Indeed, increased sp1 recruitment to a hypothermia-responsive element upstream of the cold-responsive RNA binding protein (*Cirp*) locus has been identified in the preferential upregulation of this gene at low temperature ([@B53]), indicating that temperature shift can impact transcription initiation at the chromatin level. In this view, the reliable temperature sensitivity that we observed with ISGs is consistent with the presumption that IFN-stimulated response element (ISRE)-containing promoters reliant on similar transcription factors and chromatin modifications ([@B54][@B55][@B56]) would be subject to the same challenges of transcription initiation at subnormal temperatures, yielding the phenotype of temperature-sensitive ISG transcription. In contrast, the chromatin remodeling events and transcription factors required for LPS-responsive genes can vary considerably ([@B52], [@B57]), allowing for the possibility of different effects of temperature shift on individual genes or subsets of genes. Consistent with this idea, several genes that responded to both LPS and IFN-α/β treatment followed the same temperature-dependent expression patterns regardless of the stimulus. Examination of additional signaling cascades with known repertoires of inducible genes, particularly those that stimulate distinct sets of transcription factors and cofactors to effect transcription of different gene subsets, will be helpful in elucidating gene-specific versus pan-regulatory effects of temperature variation.

The initial lag in ISG transcription at 30°C was largely overcome by 12 h post-IFN-α/β treatment, and in some cases, ISG transcript levels at this temperature continued to increase as they began to stabilize or wane at the higher temperatures. Similarly, LPS-inducible gene transcript levels at 30°C also initially lagged behind those at higher temperatures on average but drew level by just 6 h of LPS treatment, with many genes exhibiting greater expression at 30°C by this time point. Although the mechanisms behind this temporal difference in ISG and LPS-induced gene regulation by temperature are unclear, this observation represents another piece of evidence that the effect of temperature on gene transcription is likely gene and/or pathway specific. That levels of gene transcripts induced at 30°C eventually met or exceeded peak expression at the higher temperatures and remained elevated over a longer period of time could be the result of a generalized increase in mRNA stability at subnormal temperatures ([@B58][@B59][@B60]) and/or due to a defect in negative-feedback pathways responsible for curtailing these signaling pathways. Regardless, there did not appear to be a functional consequence of ISG mRNA levels "catching up" at 30°C, as ISG protein levels remained reduced at this temperature compared to 37 and 39°C, even as late as 48 h post-IFN-α/β treatment. It is likely that protein translation was also attenuated separately from transcription, accounting for this difference, as translational slowing is generally considered a hallmark feature of the cellular cold stress response ([@B59], [@B61]). This idea is supported by our *in vitro* RNA translation reporter and protein synthesis radiolabel assays (see [Fig. S3](#figS3){ref-type="supplementary-material"} in the supplemental material). Differences in translational efficiency may also explain instances of enhanced ISG protein production at 39°C over 37°C when there was no difference at the transcript level. We conclude that general suppression of translation likely contributes to the suppression of ISG protein production at 30°C independently from effects on transcription. Whether ISG transcripts are specifically sensitive to temperature-induced changes to translation efficiency, or whether these effects manifest with all mRNAs, is still unclear.

We also investigated the effect of temperature variation on IFN-α/β induction efficiency upon stimulation with either poly(I:C) or viral infection. Poly(I:C), a nonreplicating stimulus, was used for examination of IFN-α/β induction with equal pathway stimulation at each temperature. In agreement with previous studies ([@B15]), poly(I:C) treatment of cells at subnormal temperatures resulted in delayed and stunted IFN-α/β production compared to 37°C. That study attributed this difference to a modest reduction in the enzymatic activities of the cytosolic sensors RIG-I and MDA-5 at low temperature, as determined in *in vitro* ATPase assays ([@B15]). In contrast, we found that that a downstream consequence of RIG-I/MDA-5 stimulation, the phosphorylation of IRF3, was not suppressed at the low temperature, suggesting that any effect on the enzymatic activity of these sensors is functionally inconsequential in this context. Rather, the effect of temperature on this pathway, as in the JAK-STAT pathway, likely manifests first at the level of transcription of responsive genes. We observed delayed transcription of *IfnB*, *Ifna4*, and *Ifit1* genes, each primarily dependent on IRF3 in fibroblasts ([@B7]), at 30°C versus the higher temperatures at early time points, but levels surpassed those at the higher temperatures quickly thereafter. However, IFN-α/β protein release was drastically slowed and reduced at 30°C, both initially and well after mRNA levels had recovered, as was IFIT1 protein expression, indicating that efficiency of translation and/or secretory mechanisms also contributed to the reduction in IFN-α/β secretion at the lower temperature. Further studies are required to determine whether translation or secretory suppression by low temperature represents a universal effect or whether different mRNAs are affected to various degrees. Poly(I:C) treatment at 39°C resulted in the highest induction of IFN-α/β and IFIT1 proteins, indicating that enhanced IFN-α/β production may be an evolutionary aspect of the febrile response *in vivo*. As IFN-α/β is itself a pyrogenic cytokine, this relationship could be evidence of a feed-forward loop in which innate immune responses and fever coregulate to mount a more rapid response to infection.

IFN-α/β induction was similarly temperature dependent upon alphavirus infection, with the cells infected at 30°C resulting in delayed and diminished IFN-α/β production compared to 37°C. Interestingly, we did not observe the same enhancement of peak IFN-α/β production at 39°C compared to 37°C that we did with poly(I:C) treatment. It is reasonable to hypothesize that an enhanced downstream antiviral state at a febrile temperature could lead to more efficient control of the infection, possibly with lower peak IFN-α/β induction. Indeed, we did observe greater viral control of SINV-nsP2-726G at 39°C than at 37 or 30°C in our MEF cultures, even with IFN-α/β levels well below those at 37°C. In contrast, at 30°C, IFN-α/β induction and subsequent effector phase are both delayed and attenuated. Because alphaviruses have evolved to grow efficiently at this temperature (and colder) in arthropods, virus replication largely resists the low-temperature environment, and initial replication proceeds largely uninhibited by IFN-α/β. During this window, the virus can produce sufficient levels of IFN-α/β antagonists before a strong antiviral response can be mounted. IFN-α/β antagonism by most alphaviruses depends on the activities of nonstructural protein 2 (nsP2) or capsid proteins ([@B37], [@B62], [@B63]), and the viruses can also interfere with JAK-STAT signaling ([@B36], [@B64], [@B65]).

In a murine model of CHIKV infection, we demonstrated that hypothermia can exacerbate virus replication and associated musculoskeletal disease, but only in the presence of a functional IFN-α/β response. In mice lacking IFNAR1, lowered body temperatures reduced both viral replication and disease signs, indicating that the effect of the reduced temperatures on the virus was acting through its effects on IFN-α/β, and serum IFN-α/β levels were much reduced in cold mice versus their warm counterparts. Surprisingly, differences in MSD in wild-type mice manifested several days after hypothermic mice had recovered to a normal body temperature, indicating that, as predicted from our cell culture models, influences of reduced temperature on viral infection occur at an early stage of the virus-host interaction, in the window before IFN-α/β can control the infection. As MSD in CHIKV infection is a complicated process driven by both viral and host factors ([@B41]), it is tempting to speculate that subnormal temperatures early during infection allowed the virus to establish a more severe infection in the face of a weakened IFN-α/β response, which then attracted increased immune cell infiltrates and induced greater inflammation at the site of infection. We did observe delayed viral clearance in the infected footpad and the draining lymph node of the hypothermic mice compared to the normal mice at 6 dpi, which could help drive the exacerbated MSD at later time points. Together, these results demonstrate that CHIKV or other arbovirus pathogenesis and disease can be altered by variation in tissue temperature, with subnormal temperatures benefitting, and supranormal temperatures impairing, virus infection via effects on the IFN-α/β response. This suggests that local or systemic warming could represent a viable therapeutic for infection with CHIKV or other arthritogenic arboviruses if applied early after infection. Finally, it is also worth noting that early studies of temperature and interferon responses focused on the establishment of persistent infection and its relationship to temperature-dependent interferon induction *in vitro* ([@B66][@B67][@B70]). It will be of interest to determine if temperature effects on the innate immune system influence the establishment of arboviral persistence in sites such as the testes (Zika virus \[[@B71][@B72][@B73]\]) and peripheral joints (CHIKV \[[@B74]\]) that may differ from core temperatures.

MATERIALS AND METHODS {#s3}
=====================

Cell lines. {#s3.1}
-----------

Baby hamster kidney (BHK-21) cells (ATCC; RRID CVCL_1915) and L929 murine fibrosarcoma cells (RRID CVCL_0462) were maintained in RPMI 1640 supplemented with 10% donor calf serum (DCS) and 10% tryptose phosphate broth (TPB). RAW 264.7 murine monocyte/macrophage (RRID CVCL_0493), African green monkey kidney (Vero; RRID CVCL_0059), and human cervical carcinoma (HeLa; ATCC; RRID CVCL_0058) cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS). MEF/3T3 Tet-Off murine embryonic fibroblasts (simply called MEFs throughout; Clontech; CVCL_KS91) and immortalized primary MEFs from *Ifnar1*^*−/−*^ animals (MEF isolation and immortalization are described in reference [@B75]) were maintained in DMEM containing 10% FCS, 100 mM HEPES buffer, 0.075% sodium bicarbonate, and 0.05 mg/ml G418 sulfate (Mediatech). All media also contained 100 U/ml penicillin G sodium and 100 µg/ml streptomycin sulfate. Except for instances of experimental temperature variation, all cells were grown at 37°C in a humidified chamber with 5% CO~2~.

Primary cell cultures. {#s3.2}
----------------------

Primary murine osteoblast cultures were generated from 3- to 5-day-old suckling CD1 mice and maintained as described previously ([@B76]). Briefly, dissected calvaria were triply digested with collagenase P and cultured for 5 days in Minimum Essential Medium Alpha (AMEM) containing 15% FCS at 37°C and 5% CO~2~ in a humidified chamber to allow osteoblast outgrowth. Osteoblasts were detached by trypsinization, strained to remove bone fragments, seeded into 150-mm culture dishes, and allowed to expand under the same growth conditions as described above. Upon reaching confluence, the osteoblasts were trypsinized and seeded into multiwell plates for experimentation.

Virus stocks. {#s3.3}
-------------

cDNA clones of SINV-TR339 ([@B77]), CHIKV-LR ([@B78]), EEEV-FL93-939 ([@B62]), and VEEV-ZPC738 ([@B79]) have been described elsewhere. Mutant viruses SINV-nsP2-726G ([@B80]), VEEV-CD-nsp2-739L ([@B37]), and CHIKV-E2-79K ([@B81]) were generated by site-directed mutagenesis with appropriate overlapping primers and the QuikChange kit (Agilent) according to the manufacturer's instructions. The nanoluciferase-expressing CHIKV-LR-nluc-TaV and CHIKV-LR-E2-79K-nluc-TaV viruses are described in reference [@B45]. To generate virus stocks, infectious, capped RNA was generated by *in vitro* transcription from linearized clones (mMessage mMachine; Ambion) and electroporated into BHK-21 cells using a GenePulser II (Bio-Rad) as previously described ([@B82]). Virus-containing supernatants were collected after 24 h, and titers were determined on BHK-21 cells using a standard plaque assay. The DENV2 strain 16681 was a gift from Jared Evans. Viral stocks were generated from a single passage on C6/36 mosquito cells, and titers were determined by focus-forming assay on human hepatocarcinoma Huh7 cells using antiflavivirus D1-4G2-4-15 antibody (ATCC). The YFV-Angola strain was a gift from Alan Barrett, and stocks were made and titers were determined as described previously ([@B83]). Experiments involving RVFV strain ZH501 ([@B84]) were conducted in the laboratory of Amy Hartman. Propagation and titration of this virus are described in reference [@B85].

Animals. {#s3.4}
--------

All experiments involving animals were carried out under approval of the Institutional Animal Care and Use Committee of the University of Pittsburgh (protocol 15096749) and in accordance with the recommendations found in the *Guide for the Care and Use of Laboratory Animals* ([@B92]). Five- to 6-week-old adult male and female C57BL/6 mice were purchased from Jackson Laboratories (RRID IMSR_JAX:000664) and 5- to 7-week-old adult male and female *Ifnar1*^*−/−*^ mice on the C57BL/6 background were bred in-house. Mice were housed socially (maximum 5/cage for females and 4/cage for males) in specific-pathogen-free (SPF) microisolator cages in our animal biosafety level 3 (ABSL3) facility. Animals were kept on a 12-h light/12-h dark cycle with access to food and water *ad libitum* except in instances of experimental induction of metabolic torpor (detailed below). All mice weighed between 15 and 25 g and were drug and test naive prior to use in these studies. Prior to and upon initiation of experiments, all mice were weighed and checked for disease signs (lethargy, ruffled fur, and hunching) daily to ensure maximal animal welfare in accordance with approved IACUC procedures. Animals of both sexes were divided randomly into experimental groups, such that experiments reflect pooled data from both sexes.

Antibodies and other reagents. {#s3.5}
------------------------------

The following antibodies were used for Western blotting and/or immunostaining: mouse anti-β-actin (BA3R; Invitrogen; RRID [AB_10979409](http://antibodyregistry.org/search.php?q=AB_10979409)), rabbit anti-STAT1 (M-22; Santa Cruz; RRID [AB_632434](http://antibodyregistry.org/search.php?q=AB_632434)), rabbit anti-ISG15 (H-150; Santa Cruz; RRID [AB_2126309](http://antibodyregistry.org/search.php?q=AB_2126309)), rabbit anti-IFIT1 (Invitrogen catalog no. PA5-27907 for human/nonhuman primate samples; RRID [AB_2545383](http://antibodyregistry.org/search.php?q=AB_2545383)), rabbit anti-IFIT1 (Invitrogen catalog no. PA3-846 for murine samples; RRID [AB_1958734](http://antibodyregistry.org/search.php?q=AB_1958734)), rabbit anti-phospho-STAT1 (Tyr-701) (catalog no. 9171; Cell Signaling Technology, Inc.; used for Western blotting assays; RRID [AB_561284](http://antibodyregistry.org/search.php?q=AB_561284)), rabbit anti-phospho-STAT1 (Tyr-701) (D4A7; Cell Signaling Technology, Inc.; used for immunofluorescence; RRID [AB_10950970](http://antibodyregistry.org/search.php?q=AB_10950970)), rabbit anti-phospho-STAT1 (Ser-727) (catalog no. 9177; Cell Signaling Technology, Inc.; RRID [AB_2197983](http://antibodyregistry.org/search.php?q=AB_2197983)), and rabbit anti-phospho-IRF3 (Ser-396) (catalog no. 29047; Cell Signaling Technology, Inc.). Antiflavivirus group antigen D1-4G2-4-15 (ATCC HB-112 hybridoma; RRID CVCL_J890) and mouse anti-YFV ascites fluid were used in flavivirus focus-forming assays. Human and murine IFNs α4 and β were prepared in-house as described previously ([@B36]). Lipopolysaccharides (LPSs) from Escherichia coli 0111:B4 were purchased from Sigma. Poly(I:C) was purchased from R&D Systems.

Treatment of cells with IFN-α/β, LPS, poly(I:C), and virus. {#s3.6}
-----------------------------------------------------------

For experiments involving IFN or LPS treatment of cells, IFN-α/β (1:1 ratio of IFN-α4 to IFN-β; called IFN-α/β throughout) or LPS was applied directly to cells in medium prewarmed to room temperature or 30°C. IFN-α/β dosages selected for individual experiments represent the range of concentrations of IFN-α/β empirically determined to elicit robust ISG induction as well as observable dose-dependent antiarboviral activity. The required dosage, then, necessarily varied according to the cell type used, the IFN-α/β sensitivity of individual viruses, murine versus human, and the experimental aim. Dosages used for specific experiments are noted in the text and figure legends. LPS was used at a concentration of 250 ng/ml. After addition of the stimulus, cells were moved immediately to the appropriate temperature treatments, and the stimulus was left until sample collection. For experiments involving poly(I:C) treatment of cells, 50 µg poly(I:C) was transfected into MEF cells using the Neon transfection system (Invitrogen) at room temperature according to the manufacturer's instructions and recommended settings. Pooled transfections were then divided among temperature conditions. For experiments involving virus infection at different temperatures, all infections were performed for 1 h at 30°C to minimize temperature-dependent variation in attachment and entry efficiency, unless otherwise noted. Cells were then washed in phosphate-buffered saline (PBS) and placed in fresh growth medium before being placed under different temperature conditions.

Viral growth curves. {#s3.7}
--------------------

Vero, MEF, or primary murine osteoblast cells were treated for 12 to 16 h at 30, 37, or 39°C with 0 or 100 to 1,000 IU/ml human (Vero) or murine (MEF/osteoblast) IFN-α/β, rinsed in room-temperature PBS, and infected at a multiplicity of infection (MOI) of 0.1 as described above. Supernatants were harvested at the indicated time points, and viral growth was determined by plaque assay on BHK-21 cells for alphaviruses, by focus-forming assay on Vero cells for flaviviruses, and by plaque assay on Vero cells for RVFV. All quantification assays were performed at 37°C.

Cytopathic effect (CPE) inhibition assays. {#s3.8}
------------------------------------------

Vero cells were treated for 12 to 16 h at 30, 34, 37, or 39°C with 2-fold decreasing concentrations of human or mouse IFN-α/β in 96-well plates, beginning with 4,000 IU. Cells were then infected at an MOI of 10 and returned to the original temperature condition for 96 h. The concentration of IFN-α/β necessary to inhibit 50% of cell death was determined visually by crystal violet staining.

Western blotting. {#s3.9}
-----------------

Protein lysates were taken in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate \[SDS\], 1 mM EDTA, 1 mM EGTA) supplemented with protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 µg/ml leupeptin, 1 µg/ml pepstatin) and a phosphatase inhibitor cocktail (Sigma). Protein concentrations were determined by bicinchoninic acid (BCA) assay (Pierce) according to the manufacturer's instructions. Equal amounts of protein (15 µg) per sample were resolved by SDS-PAGE on a 10% polyacrylamide gel, and proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). Membranes were blocked in Tris-buffered saline with 0.1% Tween 20 (TBS-T) containing 5% milk for at least 1 h. Primary antibody was diluted in TBS-T containing 3% bovine serum albumin (BSA) and applied to membranes overnight at 4°C and then washed 4 times in TBS-T (15 min per wash) and replaced with horseradish peroxidase (HRP)-conjugated secondary antibody, diluted in a 2% milk--TBS-T solution. Secondary antibody was incubated for at least 1 h at room temperature or overnight at 4°C and then washed 4 times in TBS-T, as described above. Finally, membranes were exposed to Pierce ECL Western blotting substrate, and signal was captured on X-ray film (GE Healthcare). Densitometry analysis was performed using ImageJ software (NIH).

Quantitative PCR and NanoString. {#s3.10}
--------------------------------

Total cellular RNA was isolated from samples taken in TRIzol reagent (Ambion) per the manufacturer's protocol using 1-bromo-3-chloropropane (BCP) and isopropanol. For qRT-PCR, 10 µg of RNA per sample was reverse transcribed into cDNA using random hexamer primers and semiquantitative PCR was performed using the Sybr green method on an ABI 7900 real-time PCR machine (Applied Biosystems) using gene-specific primers. See [Table S1](#tabS1){ref-type="supplementary-material"} for a complete list of primer sequences. Threshold cycle (*C*~*T*~) values were normalized to 18S rRNA and compared using the ΔΔ*C*~*T*~ method ([@B86]). For NanoString, 100 ng RNA from each sample was subjected to fluorescent probe hybridization (see [Table S2](#tabS2){ref-type="supplementary-material"} for complete list of gene targets and probe sequences) and fluorescent bar codes corresponding to individual target mRNA molecules were counted automatically with an nCounter analysis system (NanoString Technologies). All mRNA quantification steps were performed by the Genomics Research Core at the University of Pittsburgh. Raw mRNA counts for each target gene underwent background subtraction and housekeeping gene normalization using nSolver 2.6 software (NanoString Technologies).
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Biological interferon assays. {#s3.11}
-----------------------------

Concentrations of biologically active murine IFN-α/β were measured by bioassay as previously described ([@B87]). Briefly, supernatants or serum samples (200 µl) were acidified to pH 2.0 with 2 N HCl overnight at 4°C and then neutralized to pH 7.4 using 2 N NaOH. Samples were serially diluted 2-fold across 96-well plates seeded with L929 cells and incubated at 37°C for 24 h. Cells were then infected with 3 × 10^4^ PFU per well of encephalomyocarditis virus (EMCV) and incubated for an additional 24 h at 37°C prior to fixation and staining with crystal violet. The concentration of IFN-α/β in each sample was calculated from the dilution required to protect 50% of cells from CPE, compared with a standard IFN-α/β dilution series of known concentrations.

Immunofluorescence. {#s3.12}
-------------------

IFN-α/β- or poly(I:C)-treated cells seeded on glass microscope slides were fixed in 4% paraformaldehyde at 4°C for at least 1 h at the indicated times poststimulation. Cells were permeabilized in 100% methanol at −20°C for 10 min and blocked in blocking buffer (phosphate-buffered saline with 3% BSA and 0.1% Triton X-100) containing 10% normal serum corresponding to the species of the secondary antibody for at least 1 h at room temperature. Cells were then incubated overnight at 4°C with primary antibody diluted in blocking buffer, washed, and incubated with fluorescently labeled secondary antibody and 4′,6-diamidino-2-phenylindole (DAPI) nuclear stain for 1 h at room temperature. Images were acquired on a Nikon A1 confocal microscope or an Olympus CKX41 inverted epifluorescence microscope. Image analysis was performed in NIS Elements v4.51.00. The DAPI channel was used to create a binary mask that identified both the nuclear location and individual cells. The intensity of the STAT-p channel for all pixels within the nuclear mask was summed and then divided by the total number of pixels to produce the mean STAT-p signal per nucleus expressed as arbitrary fluorescence units (AFU). Mean STAT-p signal was plotted for individual cells.

Protein radiolabel. {#s3.13}
-------------------

MEF cells were incubated at 30, 37, or 39°C for 1 or 12 h. At each time point, growth medium was replaced with labeling medium (DMEM lacking cysteine and methionine \[Cellgro\] supplemented with 1% fetal bovine serum \[FBS\] and 1% penicillin-streptomycin \[Pen-Strep\]), and cells were returned to their temperature conditions for 15 min. Supernatants were then replaced with labeling medium containing 100 µCi/ml \[^35^S\]Cys-Met (MP Biomedicals), and plates were returned to their temperature conditions for another 15 min. Cells were rinsed in PBS, and lysates were prepared with equal volumes of RIPA buffer. Twenty microliters per sample was resolved on an 8% SDS-PAGE gel, which was then fixed and dried to allow for autoradiographic signal capture of X-ray film (GE Healthcare). Gels were exposed for 7 days at −80°C, and resulting protein signal was quantified by densitometry analysis of all visible proteins in each lane using ImageJ software (NIH).

Translation reporters. {#s3.14}
----------------------

Construction and production of host-mimic firefly luciferase-expressing mRNA translation reporter constructs have been described previously ([@B88][@B89][@B90]). MEFs or *Ifnar1*^*−/−*^ MEFs were transfected with 5 µg RNA reporter per reaction using the Neon transfection system (Invitrogen) according to the manufacturer's instructions and recommended settings. Single transfections were divided among 30, 37, and 39°C temperature treatments for the appropriate time course, and cell lysates were collected in passive lysis buffer (Promega). Firefly luciferase activity was quantified using the dual-luciferase reporter assay kit (Promega), and light production was measured on an Orion microplate luminometer (Berthold). Relative light unit (RLU) values were normalized to protein concentration in each sample, as determined by bicinchoninic acid assay (Pierce). Data are expressed at RLU per microgram of protein.

Mouse core temperature reduction and infection. {#s3.15}
-----------------------------------------------

Six-week-old male and female C57BL/6 mice (Jackson Laboratories) and *Ifnar1*^−/−^ mice (bred in-house) were used for all experiments. For induction of metabolic torpor, mice were housed for 4.5 days in 24-h low red light before torpor was induced by food withdrawal. Nontorpid mice were also housed in red light but had access to food and water *ad libitum*. Food and normal light conditions (12-h light/12-h dark) were restored 48 h after food withdrawal. For pharmacological temperature reduction, mice were given 300 µl intraperitoneal injections of 1.5 to 2 mg/kg of body weight reserpine (U.S. Pharmacopeia standard; Sigma) dissolved in 0.5% acetic acid. Reserpine solutions were prepared fresh by first dissolving the powder in 100% glacial acetic acid and then diluting to the desired concentration in sterile double-distilled water (ddH~2~O). Final reserpine solutions underwent 0.22-µm filter sterilization before being injected into mice. Mice were given 0.5-mg/kg booster doses as needed (when subcutaneous scruff temperature exceeded 30°C) to maintain core temperature reduction throughout an experiment. Control mice were given equal volumes of sterile 0.5% acetic acid only. Isoflurane-anesthetized mice were infected with 1,000 PFU CHIKV-LR, CHIKV-LR-E2-79K, or nanoluciferase (nLuc)-TaV viruses (described in reference [@B45]) in a 10-µl volume injected subcutaneously into the left rear footpad. For torpor experiments, infections took place 12 h after food withdrawal. For reserpine experiments, infections were done 3 h after reserpine treatment. All mice were weighed and monitored for disease signs daily. Musculoskeletal disease in infected feet was quantified every 12 to 24 hours as described previously ([@B91]).

On days 2 and 6 postinfection, groups of mice were sacrificed by isoflurane overdose and blood samples were collected by cardiac puncture before perfusion of tissues with PBS. Perfused tissues were extracted and homogenized, and viral load in each tissue was determined by plaque assay on BHK-21 cells. Serum was separated from whole-blood samples using Microtainer tubes (BD Biosciences), and IFN-α/β concentrations were determined by biological IFN-α/β assay, as described above.

*In vivo* bioluminescence imaging. {#s3.16}
----------------------------------

Mice were anesthetized with a low-dose continuous stream of isoflurane using the Xenogen XGI-8 gas anesthesia system (Caliper Life Sciences). The nLuc substrate furimazine (Nano-Glo luciferase assay system; Promega) was diluted in sterile Dulbecco's PBS (DPBS) with Ca^2+^ and Mg^2+^ (Corning) and injected subcutaneously in the scruff (5 µl substrate in 500-µl total volume per mouse) and allowed to circulate for 3 min. After 3 min, bioluminescence was imaged using an IVIS Spectrum CT instrument (PerkinElmer). Exposure time was determined automatically according to signal strength using Living Image acquisition software (PerkinElmer). Resulting pseudocolored images, normalized for exposure time, were marked with regions of interest (ROIs) around the hind feet of each mouse, and luciferase signal was quantitated as average radiance (photons per second per square centimeter per steradian) in each ROI using Living Image software (PerkinElmer). Mice were imaged daily for up to 7 days postinfection, beginning with a preinfection image.

Quantification and statistical analysis. {#s3.17}
----------------------------------------

Statistical significance for all experiments was determined using GraphPad Prism software. Results were declared statistically significant when *P* was less than or equal to 0.05, for all statistical tests employed across experiments. Specific tests used as well as demarcations of additional levels of significance are detailed in the figure legends. All experiments were performed with at least 2 replicate samples per group, and all experiments were performed at least twice to confirm results, except for the NanoString analysis, which was performed once, with select results being confirmed by qPCR. Data from single representative experiments are shown in the figures, and pooled data are presented as either means ± standard deviations (SD) or geometric mean ± geometric SD as appropriate.
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